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Non-oxidative glucose metabolism represents a hallmark of cancer. It is now apparent that different cell states
among normal stem or progenitor cells have distinct aerobic glycolysis (AG) dependencies. However, malignant cells
are markedly more vulnerable to modifications of AG regardless of the differentiation state of their cell of origin.

How glucose is metabolized can influ-
ence cell function, but whether differences
in glucose metabolism reflect, or dictate,
the cell state is not clear and of particular
interest given the association of cancer
with aerobic glycolysis (AG). Cancer cells
consume more glucose than non-prolifer-
ating cells but preferentially ferment glu-
cose to lactate regardless of oxygen
availability. This phenomenon was ini-
tially observed by Otto Warburg and now
bears his name.1 Why cancer cells employ
a less efficient metabolic pathway, at least
for energy production, has been a long-
standing puzzle although it is now
believed that tumor cells consume glucose
for purposes beyond ATP generation. Pro-
liferating cells must convert nutrients,
including glucose, into anabolic inter-
mediates for macromolecule biosynthesis
during the generation of new cells. Com-
pared with mitochondrial respiration, AG
drives this process through a more rapid
metabolic flux that facilitates anabolism
and may maintain a more favorable redox
balance to serve robust cell proliferation.

The molecular basis for the Warburg
effect in cancer cells has been attributed to
a specific isoform of pyruvate kinase,
PKM2.2 PK catalyzes conversion of phos-
phoenolpyruvate to pyruvate. In mam-
mals, the M1 and M2 isoforms are
alternatively spliced products of the
PKM gene. Pyruvate kinase M1 (PKM1)
is expressed in tissues with high
ATP demand and promotes glucose

metabolism via oxidative phosphorylation.
PKM2 is expressed in embryonic tissues,
cancers, and adult cells that exhibit high
anabolic activity.3 Whereas PKM1 exists
as a constitutively active tetramer, PKM2
can allosterically switch between a high-
activity tetramer and a low-activity
non-tetramer. In proliferating cells,
PKM2 predominantly exists in non-
tetrameric forms.4 Replacing PKM2 with
PKM1 or stabilizing the PKM2 tetramer
by small molecules reverses the Warburg
effect and inhibits tumor cell growth.2,4

Normal somatic cells that are thought
to also preferentially use glycolytic metab-
olism include tissue stem cells, particularly
the self-renewing hematopoietic stem cells
(HSC) resident in the hypoxic microenvi-
ronment of the bone marrow. We initially
hypothesized that the metabolic demands
of stem/progenitor cells were comparable
to those of malignant cells, and therefore
targeting metabolic pathways as proposed
for solid tumors might result in disruption
of normal tissue integrity. In other words,
is the “Warburg effect” observed in cancer
truly cancer cell-specific or is it exploiting
a pathway that is important for normal
stem/progenitor cell function?

To address this question, we condition-
ally deleted the Pkm2-specific exon 10 in
mouse hematopoietic cells.5 Loss of Pkm2
led to expression of Pkm1 in all cells due
to derepression of exon 9. The switch of
PK isoforms was associated with a mild
inhibition of AG and increased oxidative

phosphorylation. Despite these metabolic
changes, however, Pkm2 deletion did not
have a detectable effect on normal hema-
topoiesis under homeostatic conditions.
When tested under the stress of serial
transplantation, Pkm2 depletion moder-
ately affected the long-term bone marrow
repopulation capacity due to impaired
progenitor cell expansion. Interestingly,
there was no effect on HSC maintenance.
These results suggest that HSCs are less
sensitive than progenitor cells to modula-
tion of AG.

PKM2 has been reported to have non-
metabolic functions in certain cancer
cells. To confirm that inhibition of gly-
colysis indeed caused a progenitor defect,
we engineered a mouse strain with
knockout of lactate dehydrogenase A
(Ldha), a more potent mediator of AG
that functions downstream of Pkm2. In
solid tumor models, inhibition of LDHA
by RNAi or small molecules suppressed
AG, caused oxidative stress, and blocked
tumor progression.6 In mouse hemato-
poietic cells, Ldha deletion almost
completely inhibited lactate production
but did not cause changes in HSC num-
ber under homeostatic conditions.5 How-
ever, stress again revealed a dependency,
this time in both progenitor populations
and stem cells. The stem cell defect was
associated with increased mitochondrial
activity and generation of reactive oxygen
species and could be partially rescued by
antioxidant.
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Further pushing the question of
whether metabolic changes had different
cell state dependencies, we decided to test
how leukemia affecting each of the two
cell states (progenitor and stem cells)
would tolerate a change in AG. We tested
two leukemia models, chronic myeloid
leukemia (CML) and acute myeloid
leukemia (AML), which are driven by
BCR-ABL–transformed stem cells and
MLL-AF9–transformed progenitor cells
respectively.7,8 In both models, deletion
of Pkm2 or Ldha markedly delayed leuke-
mia initiation.5 Importantly, leukemia
cells were far more sensitive than normal
cells when tested in a direct competition
experiment in vivo, suggesting that phar-
macologically targeting either PKM2 or
LDHA in leukemia may have a substantial
impact on the malignant cells while spar-
ing normal hematopoietic stem and pro-
genitor cells.

The anticancer effect of Ldha depletion
was also reported in a mouse lung cancer

model.9 In this study, loss of Ldha
impacted tumor-initiating cells. It
remains to be determined, however,
whether deletion of Ldha also impairs
the function of normal lung epithelial
cells. Interestingly, a different phenotype
was observed in a breast cancer model
driven by loss of function of Bcra1
(breast cancer 1, early onset), in which
deletion of Pkm2 accelerated tumorigen-
esis.10 In contrast to leukemia, deletion
of Pkm2 in breast cancer resulted in
Pkm1 expression only in a subset of
tumor cells that were negative for the
proliferation marker proliferating cell
nuclear antigen (PCNA).10 All PCNA-
positive cells were negative for PKM,
suggesting a selection against high PK
activity in proliferating cells. It is not
clear why some tumor cells in this model
did not express Pkm1 in the absence of
Pkm2. The results of both studies, how-
ever, support the notion that low PK
activity may be required for cancer cells

to proliferate.2,4 Pkm2 therefore serves
as a tunable enzyme with the ability to
adjust the level of AG to meet different
cellular needs.

In summary, our results indicate differ-
ential dependencies on AG according to
cell state among primary normal cells of
defined differentiation status and between
normal and malignant cells of a particular
differentiation status (Fig. 1). These find-
ings point to both important biological
implications and potential therapeutic
opportunities, as malignant cells revealed
a definitive vulnerability not seen in their
normal counterparts. A few questions are
raised by this study: What are the splicing
mechanisms that lead to Pkm2 expression
in normal hematopoietic cells and leuke-
mic cells and how are they regulated?
Does deletion of Pkm2 or Ldha impair
leukemia-initiating cells? How does inhi-
bition of glycolysis compromise specific
biosynthetic pathways in leukemic cells?
Do the metabolic changes induced by loss
of Pkm2 or Ldha affect other pathways
regulating cell growth, survival, and
energy sensing? Answering these questions
will help us better understand the meta-
bolic requirements of normal and malig-
nant progenitor/stem cells and design
novel strategies to treat leukemia with
minimum toxicity.
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